Titania, which exhibits superwetting under light illumination, has been widely used as an ideal material for environmental solution such as self-cleaning, water-air purification, and antifogging. There have been various studies to understand such superhydrophilic conversion. The origin of superwetting has not been clarified in a unified mechanism yet, which requires direct experimental investigation of the dynamic processes of water-layer growth. We report in situ measurements of the growth rate and height of the photo-adsorbed water layers by tip-based dynamic force microscopy. For nanocrystalline anatase and rutile TiO 2 we observe light-induced enhancement of the rate and height, which decrease after O 2 annealing. The results lead us to confirm that the long-range attraction between water molecules and TiO 2 , which is mediated by delocalized electrons in the shallow traps associated with O 2 vacancies, produces photo-adsorption of water on the surface. In addition, molecular dynamics simulations clearly show that such photo-adsorbed water is critical to the zero contact angle of a water droplet spreading on it. Therefore, we conclude that this "water wets water" mechanism acting on the photoadsorbed water layers is responsible for the light-induced superwetting of TiO 2 . Similar mechanism may be applied for better understanding of the hydrophilic conversion of doped TiO 2 or other photo-catalytic oxides.
Edited by Alenka Luzar, Virginia Commonwealth University, Richmond, VA, and accepted by the Editorial Board March 9, 2014 (received for review October 9, 2013) Titania, which exhibits superwetting under light illumination, has been widely used as an ideal material for environmental solution such as self-cleaning, water-air purification, and antifogging. There have been various studies to understand such superhydrophilic conversion. The origin of superwetting has not been clarified in a unified mechanism yet, which requires direct experimental investigation of the dynamic processes of water-layer growth. We report in situ measurements of the growth rate and height of the photo-adsorbed water layers by tip-based dynamic force microscopy. For nanocrystalline anatase and rutile TiO 2 we observe light-induced enhancement of the rate and height, which decrease after O 2 annealing. The results lead us to confirm that the long-range attraction between water molecules and TiO 2 , which is mediated by delocalized electrons in the shallow traps associated with O 2 vacancies, produces photo-adsorption of water on the surface. In addition, molecular dynamics simulations clearly show that such photo-adsorbed water is critical to the zero contact angle of a water droplet spreading on it. Therefore, we conclude that this "water wets water" mechanism acting on the photoadsorbed water layers is responsible for the light-induced superwetting of TiO 2 . Similar mechanism may be applied for better understanding of the hydrophilic conversion of doped TiO 2 or other photo-catalytic oxides. U nderstanding the underlying mechanism of the light-induced superwetting of TiO 2 is of recent scientific interest (1, 2) and also crucial for industrial applications. The phenomenon has been attributed to production of surface radical groups (1, (3) (4) (5) or photo-oxidation of hydrophobic surface contaminants (6) (7) (8) , but its origin remains controversial (9, 10) in part because conventional contact-angle analysis alone cannot fully account for the complex surface wettability (11) . To address the fundamental mechanism responsible for superwetting, one has to go beyond the contact-angle measurement that reflects the specific surface properties and to probe the temporal growth dynamics of the water layer itself adsorbed on TiO 2 under wide-spectrum illumination of visible and near-infrared (NIR) in addition to UV light. The dynamic atomic force microscopy (12) that employs the stiff and sensitive tip based on the quartz tuning fork (QTF) oscillator (13, 14) is an ideal solution to realize the experimental challenge of direct measurement of the growth rate and height, which is inaccessible to the cantilever-based friction force microscopy owing to jump-to-contact instability (1).
Results and Discussion
In Situ Measurement of Photo-Adsorbed Water Layers. Let us first discuss direct measurement procedures for the growth dynamics of the UV-induced water layers on the rutile TiO 2 (R-TiO 2 ) sample (Figs. S1-S3). When the laterally oscillating tip approaches the surface without UV light, the capillary-condensed water meniscus (15) [called "bare meniscus" (BM)] forms in the tip-surface nano-gap ( Fig. 1 A, i) , at point E 0 (red arrow, Fig. 1B ). When the amplitude slightly decreases owing to the viscous damping by the water nano-meniscus, the tip is immediately retracted until the meniscus is ruptured (Fig. 1B, Inset) . The corresponding effective damping force (black curve in Fig. 1C ) is calculated by the damped harmonic equation of the tip (13, 14) .
When R-TiO 2 is irradiated with UV laser right after BM is formed, the oscillation amplitude decreases drastically to D 0 (Fig. 1B) . The subsequent hysteresis persists until the farther rupture point R (Fig. 1B) . This indicates UV light induces a sharp increase in the interfacial water volume associated with the growing water layer (Fig. 1 A, ii) . The red curve in Fig. 1C shows the damping force during the UV-induced growth. As the retraction speed increases to 1.8 (2.3) nm/s, the respective responses are given by the green (blue) curve in Fig. 1 B and C, where the maximum damping occurs at the farther distance D 1 (D 2 ). As observed, faster retraction produces smaller damping, whereas R is invariant within ±0.5 nm. This indicates the water layer grows faster than 2.3 nm/s, whereas its final height is constant (further discussed below).
For accurate measurements of the growth rate and height of water layers, we first illuminate UV light before BM is formed and then measure the time elapsed between illumination points (E i 's) and contact points (M i 's) where the approaching tip contacts the growing water interface via the formation of water nano-meniscus. Time resolution is 100 ms, ∼1.5 times longer than the intrinsic relaxation-time constant of QTF (Materials and Methods, Fig. S4 ). With farther E i (i = 1-5 in Fig. 1D ), the elapsed time becomes longer but the growth rate stays constant at 3.4 ± 0.2 nm/s, which justifies our growth-rate measurement scheme. Notice that for any E 6 much earlier than E 5 all of the approach-retraction curves converge to the orange curve (Fig.  1D) , which evidences the formation of "final meniscus" (FM) (Fig. 1 A, iii) at the fixed point F, irrespective of the tip speed.
Significance
TiO 2 , which is chemically stable, harmless, and inexpensive, has been widely used for industrial applications. Recently, TiO 2 -coated materials, exhibiting superwetting under sunlight, have been developed for environmental solutions. However, the mechanism responsible for superwetting of TiO 2 is still in controversy despite many studies. We clarified its origin by performing tip-based in situ measurements of the growth dynamics of the photo-adsorbed water layers, as associated with delocalized surface electrons. Combined with molecular dynamics simulations, we provided conclusive clues that the "water wets water" process promotes water adsorption on the water layers, producing superwetting.
Precise measurement of the height of the fully grown water layers by F is slightly complicated owing to the finite length of FM itself. Nonetheless, one can still obtain the ultimate height by F − E 0 , the difference between two meniscus-formation points for FM and BM, assuming their radii of curvature (r c in Fig. 1A ) are similar. This assumption is valid because the maximum damping force of FM (orange curve, Fig. 1E ) is only ∼20% higher than that of BM (black curve, Fig. 1C ), indicating their similar sizes. For example, in Fig. 1E , the height (F − E 0 ) is measured as 10 ± 0.5 nm at 200 μW/mm 2 . Meanwhile, the elapsed time between E i 's and D i 's (maximum-damping points) was measured constant at ∼2.8 s for all of the growing layers (i = 1-5) in Fig. 1 C and E, which implies it takes ∼2.8 s until full growth (note that maximum damping occurs when the water layer is fully grown; Materials and Methods). Interestingly, the elapsed time (∼2.8 s) times the measured growth rate (∼3.4 nm/s) yields ∼9.5 nm, which agrees well with the measured height (∼10 nm), validating our in situ measurements. Notice that the good linear fits versus D i 's (dashed red lines, Fig. 1 C and E) suggest the damping originates from the adhesion of the water layer (Materials and Methods). Fig. 2A shows that the ultimate height of the fully grown water layers increases with the UV intensity (up to ∼20 nm at ∼500 μW/mm 2 ) but is almost independent of relative humidity (RH). Fig. 2B presents the increase of growth rate versus the intensity as well as RH. These results indicate the light-induced, long-range attractive interaction contributes dominantly to photoadsorption of water, which is supported by the following observations. (i) The results of Fig. 2A confirm the water-layer growth is the long-range, light-induced process. (ii) The higher growth rate at the higher intensity and RH (Fig. 2B) suggests the existence of increasingly stronger (i.e., long-range) attraction between water molecules and R-TiO 2 , which accelerates photo-adsorption. (iii) Water adsorption disappears for grazing incidence of light, implying other ambient effects such as vibrational excitation of water molecules are negligible.
Photo-Adsorption by Delocalized Shallow-Trap Electrons. Now one needs to clarify the physical processes that result in such a lightinduced, long-range attraction. It is well known that when the electron-hole pairs are created by UV absorption subsequent charge transfer to the TiO 2 surface generates electrons trapped in the intrinsic defects of TiO 2 associated with O 2 vacancies (16). We have confirmed the UV-generated electrons are indeed delocalized in the shallow traps by using Kelvin probe force microscopy (KPFM) for anatase TiO 2 (A-TiO 2 ) and R-TiO 2 (SI Text and Fig. S5 ). Meanwhile, the homogeneous electric fields produced by the delocalized electrons result in the field-induced attraction between polar water molecules and TiO 2 , which was suggested as a possible source for the long-range attractive interactions in TiO 2 (17) . For unified understanding of these two separately known processes (i.e., delocalized electrons and photoadsorption), one has to investigate the roles of the shallow electron-trapping states associated with O 2 vacancies in the lightinduced water adsorption process.
For this purpose, we have performed photo-adsorption experiments both with and without O 2 -annealing treatment on A-TiO 2 ( Fig. S6) as well as R-TiO 2 , under wide laser irradiation covering visible, NIR, and UV spectra. Fig. 3A shows, for various values of intensity, the ultimate height of water layers on A-TiO 2 decreases sharply at ∼445-nm wavelength, stays nearly constant until ∼635 nm, and then gradually diminishes before ∼980 nm. With O 2 treatment, however, the height on the O 2 -treated A-TiO 2 (O 2 ) becomes almost half compared with the The tip-oscillation amplitude versus the tip-sample distance (z) for three different tip-retraction speeds. The tip-approach speed is constant ∼1.15 nm/s, time interval between two successive approaches is 200 ms, RH is ∼50 ± 0.2%, ambient temperature is 21.5 ± 0.1°C, and UV intensity is ∼200 μW/mm 2 . The BM is formed at E 0 (red arrow). (C) The associated damping force is obtained by the equation of the tip motion that incorporates the tip amplitude (shown in B) and the corresponding phase signal (Fig. S4C) . (D) The approach-retraction curves for various illumination points E i (i = 1,. . .,5) and the respective contact points M i between the tip and water layer. The tip approaches and retracts at ∼1.15 nm/s. The growth rate is measured constant ∼3.4 ± 0.2 nm/s. The FM is formed at the identical contact point F when E 6 is at any point farther from F, which represents the fully grown water layer. Notice that the difference, F − E 0 , is the ultimate height of water layer (A, iii). (E) The damping force for the data in D, derived in a similar manner (Fig. S4D) . The good linear fits in C and E (dashed red lines) indicate the damping force results from the adhesion of water layers (Materials and Methods). nontreated A-TiO 2 and falls more rapidly near ∼800 nm (Fig.  3B) . The relatively suppressed photo-adsorption for A-TiO 2 (O 2 ) is observed most clearly in the UV region despite generally large UV absorption for both films. This means that UV absorption alone cannot produce photo-adsorption and also that O 2 annealing opposes the long-range attractive interaction. Notice that O 2 annealing results in a decreased number of trapping sites associated with oxygen vacancies (18) as well as decreased optical absorption in A-TiO 2 , as in Fig. 3D (16) . Therefore, the reduced photo-adsorption in the UV region can be attributed to the reduced oxygen vacancies.
In this regard, the photo-adsorption behaviors of A-TiO 2 and A-TiO 2 (O 2 ) in the visible and NIR regions described in Fig. 3B agree qualitatively with the optical absorbance spectra in Fig. 3D , except above ∼900-nm wavelength, where significant NIR absorption exists for both samples. Notice that the growth rate of A-TiO 2 (O 2 ) is also decreased by ∼25% (∼80%) at ∼405 nm (∼635 nm) compared with A-TiO 2 . This indicates the decreased long-range attraction is also associated with the reduced oxygen vacancies. In particular, beyond ∼1,000 nm, photo-adsorption is further suppressed (Fig. 3B ). This can be attributed to the fact that such NIR absorption, which depletes the shallow electrontrapping states that are located at ∼0.5 eV below the conductionband edge (19) , results in the diminished adsorption.
Furthermore, we observed increased photo-adsorption in the supplementary dynamic force microscopy measurement on the H 2 -annealed A-TiO 2 (SI Text and Fig. S7A ) compared with ATiO 2 , which is clearly associated with the increased oxygen vacancies and optical absorbance of H 2 -annealed TiO 2 (Fig. S7B) . Nonetheless, photo-adsorption is still suppressed beyond ∼1,000 nm despite much more significant NIR absorption than A-TiO 2 . It is probably because the optical absorption excites the electrons at the trapping sites to the conduction band and thereby depletes the trapped electrons.
However, for R-TiO 2 we observe different adsorption behaviors with respect to A-TiO 2 , which shows the unique resonance near ∼780 nm (Fig. 4A) . Fig. 4 B and C present the characteristics of R-TiO 2 with and without O 2 treatment. The measured height in the UV region is almost half decreased (Fig. 4B) as in the A-TiO 2 case, and the growth rate is also reduced by ∼45% (∼70%) at ∼405 (∼780) nm compared with the nontreated R-TiO 2 (Fig. 4C) . Nonetheless, Fig. 4B does not reflect the bulk property of optical absorbance (Fig. 4D) , where the effect of O 2 treatment is not noticeable below ∼800 nm. This indicates the enhanced photo-adsorption on R-TiO 2 peaked near ∼780 nm is also correlated with the surface O 2 defects, as detailed below.
The visible and NIR optical bands of TiO 2 are known to contribute to the intrinsic defect states associated with O 2 vacancies that yield such traps as the F-type color centers and Ti 3+ sites (16, 20, 21) . Regarding the F-type center, optical bands consist of three centers: pure oxygen vacancy (F 2+ ), single-electron-trapped oxygen vacancy (F + ), and two-electron-trapped oxygen vacancy (F). The calculated optical band of R-TiO 2 is at ∼760 nm for F + -center and ∼1.7 μm for F-center (22) , whereas the F 2+ -center state is even closer to the conduction band. Notice that the energetic depth of F-and F 2+ -centers roughly matches the defect states that are related to the shallow electron traps (23) including Ti 3+ (20, 21) . Therefore, photogenerated electrons from the F + -centers, unlike those excited from the F-centers, migrate and stay captured in the shallow trapping sites (16) , which probably contributes to the observed resonance near ∼780 nm on R-TiO 2 , as discussed for the roles of the shallow traps in photo-adsorption on A-TiO 2 . Superwetting by "Water Wets Water" Mechanism. Now we discuss the effects of the photo-adsorbed water layers on superwetting. To address the responsible mechanism, we have performed molecular dynamics (MD) simulations to investigate the combined effects of our two main observations (i.e., delocalized surface electrons and light-induced photo-adsorption). Here one may consider two possible mechanisms that lead to hydrophilic conversion: the electrowetting process (24, 25) and "water wets water" process (26) . In our simulation, we assume the homogeneous surface is free of preadsorbed water clusters that are dependent on RH (27) and hydration layer that is observed on metal oxides in solution (28, 29) . Note that the porosity of films (Fig. S1 ) as well as the atomic level morphology of the surface can affect the contact angle in the heterogeneous surface (30, 31) . However, the contact angle on the homogeneous surface allows rather straightforward comparison between experiment and simulation results (32) , and many previous hydrophilic conversion experiments on TiO 2 were based on the homogeneous surfaces, which makes our assumptions probable.
For electrowetting simulation, we apply the uniform vertical electric field E and observe that the contact angle decreases as E increases from 0.3 to 0.9 V/nm, which corresponds to the surface potentials estimated by our KPFM study (Fig. S5 ) but saturates within ∼1 ns for all three facets (Fig. 5A) . For more realistic treatment of the delocalized surface electrons in the Ti 3+ shallow traps, extra charge of ∼0.01e is assigned to each Ti atom, so that total charge of ∼115.52e is distributed on the TiO 2 layer. Here ∼7 V/nm field is applied on the surface by putting another TiO 2 film, having +115.52 charge, at ∼30 nm separation. As shown in Fig. 5B , the water droplet propagates extremely slowly compared with Fig. 5A (and also Fig. 5C ) even if E is an order of magnitude higher. Therefore, Fig. 5 A and B indicate that electrowetting contributes to slight reduction of the contact angle, but not to superwetting.
For the "water wets water" process, however, we now simulate dynamic change of the contact angle for the water droplet in the presence of a ∼1.1-nm-thick water layer on each surface, but without any E field. Fig. 5C clearly shows that the droplet becomes completely wet on the thin water layer of three facets, as evidenced by rapid decrease of the initial contact angle to zero within ∼2 ns (note that the rather large error bar is due to coexistence of the layered region and precursor film). Consequently, one can conclude that superwetting of TiO 2 results from the strong water-water attraction. When the nanodroplet is located on the 1 or 2 monolayer (ML) water film, superwetting does not occur because the droplet does not spread much and retains its shape with a decreased contact angle as shown in Fig.  5D . This result has been discussed in previous studies on the role of interfacial water in the adsorption process: "Water does not wet a water monolayer" (26, 32) . However, when the water droplet is released on the 4 ML water, the droplet interacts dominantly with the topmost fourth layer and finally spreads out (Fig. S5) , the uniform external field E is applied along the z-direction with its magnitude 0.3 V/nm, 0.6 V/nm, and 0.9 V/nm for each surface. The contact angle is slightly decreased with E but is saturated within ∼1 ns. (B) For more realistic charge distribution of the delocalized electrons (discussed in the text), each Ti atom is assigned by extra charge −0.01e. Then the maximum propagation radius R max of the water droplet increases slightly with time, but at a much lower speed compared with A despite an order of magnitude larger E, which excludes the electrowetting origin of superwetting. (C) The contact angle of the water nanodroplet decreased rapidly down to zero within ∼2 ns on the ∼1-nm-thick (4 ML) photo-adsorbed water layer in the absence of E, which evidences the strong "water wets water" mechanism responsible for superwetting of TiO 2 . (D) The spreading of the nanodroplet on the 1, 2, 3, and 4 ML of water are simulated to confirm the condition of superwetting for the three surfaces. Note that when the contact angle of the droplet decreases smaller than 10°the droplet begins to meet its periodic image for the above system size. However, the 10°threshold angle is sufficient to reproduce the light-induced superwetting of TiO 2 (39) . Therefore, we define the occurrence of superwetting at the contact angle when the droplet meets the periodic image.
to produce superwetting for all of the three facets. Notice that the fourth layer is found unordered and has almost the same surface tension value as the bulk water, whereas the first layer shows a very ordered and solid-like property (SI Text and Figs. S8 and S9). Therefore, the ∼1-nm water layer (or 4 ML), which is much thinner than the measured water thickness obtained by the light-induced photo-adsorption, is still thick enough to completely wet the nanodroplet. The larger microsized water droplets naturally take a longer time to be superwetted (for example, more than an hour under UV intensity less than 10 μW/mm 2 ) (2, 10), which can speed up at higher light intensity and RH, as demonstrated in the present study. Considering the photoadsorbed layers are determined dominantly by the amount of oxygen vacancies despite differing wettability of the facets (33) and superwetting is also observed for water layers thicker than 3∼4 ML regardless of the choice of TiO 2 surface, the "water wets water" mechanism may be generally satisfied for different facets.
In conclusion, we have presented conclusive evidences that the "water wets water" mechanism associated with the photoadsorbed water layers, produced by the long-range attraction owing to the delocalized surface electrons, is responsible for superwetting on TiO 2 . The hydrophilic conversion observed in the doped TiO 2 (34) or other photo-catalytic n-type metal oxides with oxygen vacancies (35) such as ZnO and WO 3 , which generate delocalized electrons, may be better understood by a similar photo-adsorption process.
Materials and Methods
TiO 2 Film. Nanocrystalline anatase (A-TiO 2 , blue) and rutile (R-TiO 2 , white) films were prepared by depositing TiO 2 paste onto the Ti substrate via doctor blading, followed by annealing at 500°C (A-TiO 2 ) and 900°C (R-TiO 2 ) for 6 h in air. Their surface characteristics and crystal structures were obtained by field-emission scanning electron microscopy ( Fig. S1 ), X-ray diffraction (Fig. S2) , and X-ray photoemission spectroscopy (Fig. S3, A-TiO 2 ) , respectively. The TiO 2 films are tightly glued to the sample holder and loaded to the atomic force microscope system in a sealed metal chamber. The RH inside the chamber is controlled by flowing pure N 2 gas through the bubbler filled with deionized water (>18.3 MΩ). The RH is continuously monitored by a sensor (SHT75, specified accuracy <1.8%; Sensirion) placed near the sample holder.
QTF Probe. A silica tip (curvature radius ∼25 nm) was glued to one prong of the QTF oscillator (Fig. S4A) . The QTF probe allows noncontact (free-oscillation amplitude ∼0.55 nm) and sensitive force-gradient (∼0.01 N/m) detection at variable height and speed owing to its high stiffness (∼27,000 Nm ) and quality factor ðQ ∼ 7,000Þ at the resonant frequency ðf 0 ∼ 32 kHzÞ in ambient conditions (Fig. S4B) . The relaxation time constant ð2Q=2πf 0 Þ is ∼68 ms. During DFM measurement, the fluctuation of the piezo displacement is controlled within ∼0.02 nm, and the thermal drift is measured less than ∼1.2 Å/min, so that the distance-control precision is high enough for reliable and repeatable experiments.
Adhesion Force of Water Layers. The tip-sample adhesion force is derived by the Laplace force (15) that acts on the contact area A = πðr sin ϕÞ 2 ( Fig. 1 A, ii) ,
where γ L is the surface tension and d is the height of the wetted part of tip, d = rð1 − cos ϕÞ. If the curvature r c does not change significantly during tip retraction, F is proportional to d because 1:75 < ð1 + cos ϕÞ < 2:0 for the layer height ∼10 nm. The good linear fit by 10.8(9)-D i (nm) (dashed red lines, Fig. 1 C and E) indicates (i) the damping force exhibits linear behavior versus d (Eq. 1) and (ii) the line represents the maximum value of d for each D i where maximum damping occurs. Notice that the ordinate 10.8(9) (nm) agrees to the ultimate height ∼10 nm, which justifies the use of the damping force ( Fig. 1 C and E) as the adhesion force between tip and water layer.
